Abstract. Chronic periodontitis, a common oral disease, usually results in irreversible bone resorption. Bone regeneration is a complex process between bone-forming activity of osteoblasts and bone-resorbing activity of osteoclasts, and still remains a challenge for physicians clinically. A previous study demonstrated that the mechanistic target of rapamycin signaling pathway is involved in osteogenic differentiation of mesenchymal stromal cells. Herein, whether rapamycin could be used to induce osteogenic differentiation of primary bone marrow-derived mesenchymal stem cells (BMSCs) in vitro and promote new bone formation in vivo were evaluated. The results demonstrated that rapamycin alone was not enough to fully induce osteoblast differentiation in vitro and enhanced bone regeneration in vivo. Interestingly, rapamycin in rapamycin plus lipopolysaccharide (LPS)-treated BMSCs significantly increased the gene expression levels of Sp7 transcription factor, runt related transcription factor 2, alkaline phosphatase (ALP) and collagen I (Col I), ALP activity, and calcium nodule at different time points in vitro, indicating that osteoblast differentiation occurs by rapamycin when BMSCs are exposed to LPS simultaneously. It was also demonstrated that rapamycin in rapamycin plus LPS-treated rats promoted bone regeneration in vivo. These results suggest that rapamycin may influence osteoblast differentiation and new bone formation after LPS induces an inflammatory environment. Rapamycin may be used to treat periodontitis associated with bone loss in future clinical practice.
Introduction
Bone is a tissue that is constantly being remodeled during a human's or animal's life span through the activity or interaction of bone generating osteoblasts and bone resorbing osteoclasts (1) . The balance between bone resorption and bone formation is essential for maintaining bone homeostasis. Many molecules are involved in communication between osteoblasts and osteoclasts during bone remodeling, such as receptor activator of nuclear factor κB ligand (RANKL)/receptor activator of nuclear factor κB (RANK), ephrinB2/EphB4, TGF-β, and so on (2) . Recently, many studies have demonstrated that the immune system is also involved intimately in the regulation of bone regeneration (3) . Extensive evidence suggests that the immune system exerts powerful effects on bone cells, particularly in chronic disease pathologies such as rheumatoid arthritis, periodontal disease, and tumors (4, 5) .
As a common disease identified in patients visiting oral clinics, the chronic inflammatory state in periodontitis triggers bone erosion through the increased stimulation of osteoclast formation and activity, decreasing the chance for preservation of permanent teeth and the survival of implants (4) . Lipopolysaccharide (LPS), an important virulence factor of periodontitis, stimulates the accumulation of monocytes, releases many inflammatory factors, and is the cause of maturation of osteoclasts. Furthermore, T lymphocytes play an important role in regulation of bone mass in inflammatory diseases. T cells can synthesize RANKL and induce osteoclast formation and activity in vitro (4) (5) (6) . Considering the crucial effect of immune factors on the development of periodontitis, it raises an interesting question of whether or not clinicians can use immunosuppressive medicine to block bone resorption.
Rapamycin is a common immunosuppressive drug that has multiple functions such as radiation protection and prevention of aging, inhibition of tumor growth, regulating endothelial cell growth, inhibition of adipogenic differentiation of bone marrow-derived mesenchymal stem cells (BMSCs), among others (7) (8) (9) (10) (11) . Rapamycin also plays important roles in bone homeostasis, which regulates bone formation through the mTOR/S6K and nuclear factor-κB (NF-κB) signaling pathway (12) . mTOR is an evolutionally conserved serine/threonine protein kinase involved in many cellular processes such as survival and proliferation (13 RANKL, M-CSF, and tumor necrosis factor α (TNFα), and exerts suppressive effects on proliferation and differentiation of osteoclasts (14) . More importantly, rapamycin can inhibit the release of inflammatory factors (15, 16) , which further reduces differentiation of osteoclasts. The role of rapamycin in osteogenesis, however, still remains controversial because conflicting studies have reported both negative (17) (18) (19) and positive (20, 21) effects on osteogenesis. These differences may depend on cell type and experimental conditions. Periodontitis is a chronic inflammatory disease resulting in bone loss, and rapamycin plays a role as an anti-inflammatory and possibly has an effect on bone formation. Therefore, we were interested in evaluating the effects of rapamycin on osteoblast differentiation of BMSCs in vitro, and bone regeneration in our animal model in vivo, with or without LPS treatment, in order to understand if rapamycin can be used to treat periodontitis.
Materials and methods
Cell lines and cell cultures. All animals used for this study were approved by the Jilin University (Changchun, China) Animal Care and Use Committee. In this study, BMSCs were obtained from the femur of Wistar rats. BMSCs were cultured/expanded in low-glucose DMEM (Thermo Fisher Scientific, Inc., Grand Island, NY, USA)) with 10% fetal bovine serum, 100 U/ml penicillin, and 100 mg/ml streptomycin. To perform osteoblast differentiation, BMSCs were cultured in low-glucose DMEM (Thermo Fisher Scientific, Inc.) supplemented with 10 -8 mol/l dexamethasone (Sigma-Aldrich, St. Louis, MO, USA), 50 mg/l of ascorbic acid (Sigma-Aldrich), and 10 mM β-glycerol phosphate sodium (Merck, Kenilworth, NJ, USA) known as osteogenic medium with 10% fetal bovine serum, 100 U/ml penicillin, and 100 mg/ml streptomycin. Cells were incubated at 37˚C in a humidified 5% CO 2 incubator.
Alkaline phosphatase (ALP) and alizarin red assays. BMSCs cells were seeded/cultured in a 6-well plate at 1x10 4 cells/well with low-glucose DMEM (Thermo Fisher Scientific, Inc.) for 24 h. Then, plates divided into four groups, control phosphate-buffered saline (PBS)], LPS at 1 µg/ml (Sigma-Aldrich), rapamycin at 20 ng/ml (Rapa, Sigma-Aldrich), and LPS at 1 µg/ml plus rapamycin at 20 ng/ml (LPS + Rapa), and continue to culture with osteogenic medium. The osteogenic medium with or without LPS or rapamycin was replaced every 3 days. On days 3, 7, and 14, ALP activity assay was performed with ALP substrate (Sigma-Aldrich), and optical density (OD) was measured at 520 nm with a spectrometer according to the manufacturer's instructions. On days 14, 21, and 28 cells from the same experiments were fixed with 95% ethanol and stained with 2% alizarin red (Sigma-Aldrich). The stained cells were then eluted with 10% cetylpyridinium chloride. The absorbance was measured at 550 nm with a spectrometer.
Reverse transcription quantitative polyermerase chain reaction (RT-qPCR).
BMSCs were seeded in a 6-well plate at 1x10 4 cells/well and cultured with osteogenic medium for 24 h. Then, plates divided into four groups, control (PBS), LPS at 1 µg/ml (Sigma-Aldrich), rapamycin at 20 ng/ml (Rapa, Sigma-Aldrich), and LPS at 1 µg/ml plus Rapa at 20 ng/ml (LPS + Rapa). On days 3, 7, and 14, total RNA was extracted with EASYspin (Takara, Dalian, China), and reverse transcription was carried out using 1 µg total RNA with PrimerScript RT Reagent kit (Takara), The qPCRs were performed using SYBR Premix Ex Taq TM (Takara). Sequences of primers are listed in Table I . The β-actin was used as the internal control. TNFα and interleukin (IL)-1β are important mediators of the inflammatory response. Runt related transcription factor 2 (Runx2) is a necessary protein in the early and middle stages of osteogenic differentiation (22) and acts as an essential bone specific transcription factor (23) . Collagen I (Col I) is an important protein for bone formation and repair (24) . ALP is a very common bone formation marker (25) . Sp7 is a transcription factor and indicator for osteogenic differentiation (26) and is involved in osteoblast differentiation (27) .
Animal model. A classical animal model, alveolar bone regeneration model was used to evaluate effects of rapamycin on bone regeneration in vivo (28) . To successfully create this model, Wistar rats were anesthetized with ketamine (60 mg/kg) and xylazine (8 mg/kg) intramuscularly, and the crown of the left mandibular incisor was repeatedly cut at the gingival level with a high-speed turbine drill on days 8, 5, and 2 prior to the mandibular incisor being fully extracted on day 0. The mandibular incisor of rodents keep erupting over their life span. Once the crown of the mandibular incisor is removed, the tooth will erupt more quickly, resulting in edema of the periodontal ligaments (28) , which can facilitate the extraction of the mandibular incisor.
In vivo animal experiment. All animals used in this study were approved by the Jilin University Animal Care and Use Committee. Eighty male Wistar rats (210±10 g, and 7 to 8 weeks old) were randomly divided into three groups on day 0 of alveolar bone regeneration model: 20 rats for the control group administered with 10 µl of PBS, 20 rats for the Rapa group administered with 10 µl of rapamycin at 1 µg/µl into the tooth socket, 20 rats for the LPS group administered with 10 µl of LPS at 5 µg/µl into the tooth socket, and 20 rats for the LPS + Rapa group administered with 10 µl of LPS at 5 µg/µl with rapamycin at 1 µg/µl into the tooth socket. Defects were closed by periodontal dressing. Rats were anesthetized and euthanized by heart perfused fixation with 4% paraformaldehyde solution after 30 and 60 days post-treatment. Mandible samples were examined with micro-computed tomography (micro-CT) for bone mass. Tooth extraction sockets from different treated groups were immersed in 10% EDTA for decalcification for two months, 10% EDTA was refreshed every two days. After decalcification, samples were embedded in paraffin and tissues were sectioned at 4 µm for hematoxylin and eosin (H&E) staining to evaluate pathological changes.
Micro-CT.
The left mandible was placed in a tube and scanned over the entire mandible using a micro-CT system (µCT50; Scanco Medical, Bassersdorf, Switzerland). The same condition was used to scan all samples. Three rats from each group were scanned by micro-CT. A series of two-dimensional image data was collected to reconstruct three-dimensional images. Regions of interest (ROI) were confined to the anterior area of the molar region of the mandible near the inferior border. This ROI was further analyzed using a fixed global threshold of 22% (220 on a grayscale of 0-1,000). Trabecular bone volume fraction (BV/TV), trabecular thickness (Tb.Th), trabecular number (Tb.N), trabecular separation (Tb.Sp), bone mineral density (BMD), and tissue mineral density (TMD) were analyzed using the manufacturer's evaluation software.
Statistical analysis.
Results were presented as mean ± standard deviation (SD). Statistical analysis was performed using the one-way ANOVA and multiple comparison method. A difference with a P-value of <0.05 was deemed as statistically significant. All in vitro experiments were repeated three times; in vivo experiments were repeated twice.
Results

Effects of LPS on inflammatory cytokines and mTOR.
To confirm the LPS used here has the expected biological effects, the gene expressions of TNFα, IL-1β and mTOR were measured after BMSCs were cultured with LPS at 1 µg/ml (Sigma-Aldrich) for 24 h. Fig. 1 showed that the LPS dramatically induced the gene expressions of TNFα, IL-1β and mTOR compared to the control group. These indicate that the LPS has expected biological effects.
Effects of rapamycin on osteoblast-related gene expression.
To evaluate if rapamycin can induce osteogenic differentiation at the gene expression level, four marker genes, Runx2, Sp7, Col I, and ALP for osteogenic differentiation, were measured after BMSCs were treated with rapamycin, LPS, or rapamycin plus LPS by RT-qPCR on days 3, 7, and 14. Rapamycin alone significantly decreased gene expression of Runx2, but not Sp7, Col I, or ALP compared to the control group on day 3 ( Fig. 2A) . LPS alone decreased gene expressions of Runx2 and Col I, but not ALP and Sp7 compared to the control group on day 3 ( Fig. 2A) . LPS plus rapamycin also decreased gene expressions of Runx2 and Col I, but increased ALP and Sp7 compared to the control group on day 3 ( Fig. 2A) . On day 7, rapamycin alone only increased Col I gene expression while LPS alone increased gene expressions of Runx2, Col I, and ALP compared to the control (Fig. 2B) . Interestingly, LPS plus rapamycin significantly increased gene expressions of Runx2, Col I, ALP, and Sp7 compared to the control on day 7 (Fig. 2B) . Rapamycin downregulated gene expressions of Runx2, Col I, and Sp7 while LPS decreased gene expressions of Runx2 and Sp7 compared to the control on day 14 (Fig. 2C) . Both LPS and LPS plus rapamycin increased gene expressions of Col I and ALP compared to the control on day 14 (Fig. 2C) . These data indicate that rapamycin plus LPS can induce osteoblast differentiation.
Rapamycin plus LPS increased ALP activity. Next, we directly measured ALP activity in BMSC cultures to assess osteoblast differentiation. Interestingly, only rapamycin plus LPS enhanced ALP activity compared to the control, rapamycin and LPS groups on days 3, 7, and 14 ( Fig. 3 ). These data demonstrate that the rapamycin alone is not enough to affect osteoblast differentiation while the rapamycin plus LPS can induce osteoblast differentiation in vitro.
Effects of rapamycin on formation of calcium nodule. Alizarin red staining is used to identify calcium in tissue section or Table I . Quantitative polymerase chain reaction primers used in this study.
Gene
Forward primer (5'-3') Reverse orimer (5'-3') Size (base pair, bp) ALP  CTCAACACCAATGTAGCCAAGAATG  GGCAGCGGTT ACTGTGGAGA  75  Runx2  GCACAAACATGGCCAGATTCA  AAGCCATGGTGCCCGTTAG  126  Sp7  GCACAAACATGGCCAGATTCA  AGAAATCTACGAGCAAGGTCTCCAC  129  Col I  GACATGTTCAGCTTTGTGGACCTC  GGGACCCTTAGGCCATTGTGTA  119 ALP, alkaline phosphatase; Runx2, runt related transcription factor 2; Sp7, Sp7 transcription factor; Col I, collagen I. cell culture which can indicate osteogenesis differentiation. The data clearly showed that only LPS plus rapamycin had significantly more calcium nodule compared to any other groups on days 14, 21, and 28 (Fig. 4) . These data further suggest that the rapamycin plus LPS can promote osteoblast differentiation in vitro.
Effect of rapamycin on bone formation in vivo.
To further evaluate the effect of rapamycin on bone formation, we performed in vivo experiments using the alveolar bone regeneration model. Data from BV/TV, BMD, TMD, Tb.N, and Tb.Th showed that rapamycin plus LPS significantly increased bone formation compared to PBS control and rapamycin control (data not shown here) on weeks 4 and 8 while LPS alone only significantly increased Tb.Th, and both LPS and rapamycin plus LPS decreased Tb.Sp (Fig. 5) . H&E staining from Fig. 6 clearly demonstrated that the rapamycin plus LPS-treated group had much more new bone formation with scattered osteoblasts compared to control, Rapa and LPS groups on weeks 4 and 8. At 8 weeks, bone deposition continued to increase, and the new bone showed bigger and higher density of bone trabecula in rapamycin plus LPS-treated group (Fig. 6) . H&E staining data were consistent with the micro-CT data. These data suggest that rapamycin affects bone homeostasis by stimulating osteoblast activity under LPS-induced inflammatory condition.
Discussion
Osteogenesis is one of two major processes, a process of new bone formation by osteoblast in bone remodeling. Bone resorption is another process by osteoclast in bone remodeling. It is important to maintain the balance between bone formation and bone resorption. Complex molecules and signaling pathways are involved in these processes. Rapamycin is a common immunosuppressant widely used to retain a renal allograft. Recently, it was recognized that mammalian target of rapamycin complex 2 (mTORC2) signaling pathway is involved in osteogenesis processes, and that rapamycin can also affect bone homeostasis under certain conditions, but this is still unclear and remains controversial (29) . For example, it showed that osteoblast-targeted inhibition of PPARc activated mTOR signaling pathway resulting in osteoblast differentiation (30) while Wang et al demonstrated that the rapamycin inhibited mTOR signaling pathway leading to BMSCs differentiation/proliferation to osteoblasts (31) . The study herein indicates that rapamycin can induce osteoblast differentiation and lead to new bone formation under LPS-induced inflammatory conditions.
Bacterial endotoxin LPS is a potent stimuli for monocytes, which produce pro-inflammatory cytokines such as TNFα, IL-1, and IL-6 to play an important role in pathogenesis bacterial sepsis (32) (33) (34) . LPS can also activate NF-κB (35) . Interestingly, cytokines of TNFα, IL-1, and IL-6 can play critical roles in osteoclast formation resulting in osteoclastic bone loss (36, 37) . These cytokines can induce production of RANKL (38, 39) , decrease production of osteoprotegerin (OPG) (40) , upregulate RANK on osteoclast precursors, and increase RANKL to affect RANK/RANKL/OPG signaling pathway (41) . LPS can also interact with toll-like receptor (TLR)-2 and/or TLR-4, resulting in RANKL expression or release increase and manipulation of RANK/RANKL/OPG signal pathway (41) .
It is known that rapamycin possesses potent anti-proliferative and anti-angiogenic properties (42) . Previous studies show that rapamycin downregulates expressions of RANKL, M-CSF, and TNFα to suppress proliferation and differentiation of osteoclast, and also block cytokine release to further inhibit differentiation of osteoclast (15, 16) . These data indicate that rapamycin potentially reduces bone resorption and contributes to a bone-protective effect or new bone formation through anti-inflammatory influence (20, 21) . Rapamycin could partly activate osteocyte autophagy and reduce age-related bone loss in trabecular bone of old male rats (43) . Indeed, it has been reported that rapamycin could also inhibit osteoblast proliferation and differentiation in MC3T3-E1 cells and primary mouse bone marrow stromal cell (17) . Therefore, there is uncertain effect of rapamycin on bone formation.
Our data demonstrate that rapamycin alone did not influence gene expression of Runx2, Col I, ALP, and Sp7 compared to the control group on days 3, 7, and 14, except that it slightly decreased Runx2 on days 3 and 14 (Fig. 2) . Rapamycin alone also could not increase ALP enzyme activity on days 3, 7, and 14 ( Fig. 3) . LPS decreased gene expression of Runx2 and Col I compared to the control group on days 3 and 14, and Sp7 on day 14 ( Fig. 1) , and also had no effect on ALP enzyme activity on days 3, 7 and 14 (Fig. 3) . Interestingly, rapamycin from the rapamycin plus LPS group could either enhance or bring back gene expression of Runx2, Col I, ALP, and Sp7 compared to LPS alone on all three days in which LPS induced an increase or decrease (Fig. 2) , and also increased ALP enzyme activity (Fig. 3) . Data from calcium nodule assay showed that only rapamycin plus LPS-treated BMSCs significantly increased the number of calcium nodules (Fig. 4) . These data clearly indicate that rapamycin alone cannot fully induce BMSC differentiation to become functional osteoblasts in vitro; it only occurred when rapamycin plus LPS was used in vitro. Recently published study, however, demonstrates that rapamycin can induce their BMSCs differentiation to the osteoblast in vitro (31) . Compared both culture systems, we recognized that the difference could cause by differences of culture contents and species of rat.
In our in vivo animal model (although we knew that this model was not perfect model), we delivered rapamycin locally to the extraction defect area. Micro-CT data show that bone tissue volume markedly increased in the defect area and that density of alveolar bone significantly increased in the LPS plus rapamycin-treated group (Fig. 5) . H&E staining revealed that rapamycin from the LPS plus rapamycin-treated group markedly increased new bone formation with scattered osteoblasts in the defect area (Fig. 6) . Therefore, our data suggest that LPS is a precondition for rapamycin induction of osteoblast differentiation and new bone formation.
Results from our cell culture model and animal model clearly indicate that rapamycin alone is not enough to fully promote osteoblast differentiation in vitro and in vivo. However, when LPS creates an inflammatory condition resulting in cytokine production and leads RANK/RANKL/OPG signaling pathway to activate osteoclasts, then rapamycin may block the inflammation and turn around the RANK/RANKL/OPG signaling pathway to the osteoblast differentiation and new bone formation in vitro and in vivo.
Periodontitis is a chronic inflammatory disease with dense inflammatory cell infiltrates. Porphyromonas gingivalis is the major bacterial cause of periodontitis. The LPS produced by Porphyromonas gingivalis can induce cytokine production and increase soluble RANKL release to affect RANK/RANKL/OPG signaling pathway resulting in bone loss (41) . Therefore, our results suggest that rapamycin can be used to treat periodontitis in order to block bone resorption and promote bone regeneration.
